The transient behavior of muscle in doubleor multiple-step length perturbations Nature (London) 355, 638-641] is simulated with a "conventional" cross-bridge model, which has been reported [Eisenberg, E., Hill, T. L. & Chen, Y. (1980) Biophys. J. 29, to account for many mechanical, as well as biochemical, muscle data. The quick recovery of tension after double-or multiple-length perturbations was calculated for the model without any readjustment of its original parameters. The regeneration rate of the quick tension recovery of the model is fast and comparable to that measured experimentally by Lombardi et al. For multiple-step "staircase"-type length releases, the tension response reaches a steady-state shape after three or four steps, and the average ATP turnover is much slower than the regeneration of the quick tension recovery. Our simulation shows that the experimental findings of Lombardi et al. can easily be reproduced by this simple conventional cross-bridge model, in which the completion of one work-producing power stroke is coupled to the hydrolysis of one ATP molecule. Thus, to account for the data of Lombardi et al., there is no need to assume that cross-bridges can execute multiple power strokes per ATPase cycle, although cross-bridges may well be able to do so. The mechanism that underlies the fast regeneration of the quick tension recovery in the conventional model used here is discussed.
According to the cross-bridge theory of muscle contraction (1-3), the generation of force and the sliding of the thick myosin filaments relative to the thin actin filaments in a sarcomere are achieved by cyclic interactions of the myosin heads (the cross-bridges) with actin molecules of the thin filament. It is assumed that force generation and filament sliding result from the structural changes of the actinattached cross-bridges and that the energy driving the cyclic cross-bridge action is provided by the hydrolysis of ATP molecules (4, 5). The completion of one cross-bridge cycle is assumed to produce one work-producing "power stroke," as one molecule of ATP is hydrolyzed (the "conventional model"). One way to investigate the mechanism of these cyclic interactions is to suddenly change conditions (such as length, load, ATP concentration, etc.) and to analyze the time course of approach of mechanical properties of the muscle to the new (or the original) steady state (6-9).
The study of length perturbation on muscle was first done by Huxley and Simmons (6) . After a sudden length change, the tension of a contracting muscle changes simultaneously with the length step (phase 1 ofthe tension transient) and then undergoes a phase of quick tension recovery (phase 2) followed by a slower return of tension to the original isometric value (phases 3 and 4). The tension at the end of phases
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 1 (T1) and 2 (T2) can be measured experimentally as a function of the size of the length perturbation (y). The plots of T1 and T2 as a function ofy, the T1(y) and T2(y) curves, are important quantities for testing cross-bridge models (6, 10).
The single-step perturbation study of Huxley and Simmons was extended recently to double and multiple stair-case-type perturbations by Lombardi et al. (11) . Four findings were obtained. (i) In a double-release experiment the capacity for quick tension recovery is substantially regenerated within 10-15 ms after the first conditioning release, and the rate constant of the regeneration is estimated to be =7 ms. (ii) When stair-case-type length releases are applied to the muscle, the time course of the tension response reaches a steady-state shape after 3 or 4 steps. (iii) At the steady state, the time constant of regeneration of the capacity of the muscle for quick tension recovery is also in the millisecond regime. (iv) The stiffness of the muscle changes very little in both double-and multiple-release experiments.
To account for the observed T1(y) and T2(y) curves in single-release experiments, Huxley and Simmons (6) proposed that quick tension recovery results exclusively from a rapid transition of the attached force-generating crossbridges between two (or more) stable positions (the power stroke). In this concept, a cross-bridge drives filament sliding by a power stroke of 12 nm and is regenerated only after one molecule of ATP is hydrolyzed. Thus, Lombardi et al. defined a "mechanical" power stroke of an attached (forcegenerating) cross-bridge as a "12 nm shortening with a force profile like that shown by the quick recovery of tension following a length perturbation" (11). On the basis of this concept, Lombardi et al. argued that the rate of regeneration of the ability to execute the mechanical power stroke of the cross-bridges should be identical to the rate of regeneration ofthe quick tension recovery ofthe muscle. In a conventional model, this hypothesis would imply that the rate of regeneration of the quick tension recovery is equal to the rate ofATP turnover because in this model hydrolysis of one ATP molecule generates exactly one power stroke. Thus, when they found that the regeneration rate of the quick tension recovery of the muscle is much larger than the ATP-turnover rate (milliseconds vs. seconds in time constant), Lombardi et al. argued against the conventional cross-bridge model and proposed that a cross-bridge could execute multiple workproducing power strokes with the hydrolysis of one ATP molecule.
However, it was not clear to us whether the experimental results of Lombardi et al. (11) ensemble of cross-bridges in a muscle fiber can be assigned with a parameter x that measures the distance between this cross-bridge and its nearest binding site on actin. Because the spacing of cross-bridges on the myosin filament differs from the spacing of actin sites on actin filament (mis-registration), the value of x is not expected to be the same for all cross-bridges in the ensemble. As the number of crossbridges in the ensemble is large, the cross-bridges are assumed to be uniformly distributed in x-that is, at any given time the same number of cross-bridges can be found for each x value.
The completion of one cycle (at any x) along the circular arrow in the cycle diagram in Fig. 1 the pair is given, the other is determined by the free energy difference. Also, the product of rate constants around the cycle at any given x value must obey the relation
[ll where A/T iS the chemical potential difference between ATP and ADP plus phosphate. For any cycle without any free energy input (A/.LT = 0), the ratio in Eq. 1 must be equal to 1.1 A cross-bridge can generate force only when it is in an attached state (1 or 2). The direction and magnitude of the generated force depend on the "slope" of the free energy function of the state: Gl(x) at the same x value (see Fig. 1 ). On the other hand, transition of a cross-bridge from state 2 to R (a detachment reaction) will increase the tension of the fiber when x is negative and decrease the tension when x is positive. Similarly, a transition from N to 1 (an attachment reaction) will also increase the net force when x > 80 A and decrease the net force when x < 80 A. In this Eisenberg et al. model, all these three transitions (1 -+ 2, 2 --R, and N -+ 1) will thus contribute to the recovery of tension after a length release, rather than just the power-stroke (1 --2) transition, as assumed by Huxley and Simmons (6) , although the main contributor is still the power-stroke transition (10). One reason that the rate constants, aNi, a12, and a2R, were chosen to be very large in certain x values (10) is to ensure that the model can reproduce the fast early recovery of tension in a one-step length release as observed by Huxley and Simmons (6) . tNote that the model proposed by Lombardi and his colleagues (13-15) violates this relation and is therefore not consistent with thermodynamics (16).
The transient mechanical properties of muscle after an instantaneous length perturbation can be analyzed quantitatively using the formalism of Hill (5, 12) . It is important to point out that the length change in the experiment is not sudden but takes some finite time (ramp-shaped or S-shaped length change). Ramp-shaped length changes can be simulated as a series of small instantaneous length changes in our calculation. To simulate the actual experiment, the time of the ramp is set to 150 ,us for all calculations. Fig. 2 shows the T2 curve as a function of the step amplitude (y) of the second release at different "waiting" times (td, see Fig. 2A ' Inset) after a first release of 4 nm (40 A) in a double-release experiment, along with that of the single release (0). Each point represents the T2 value obtained from the calculated force transients, and the connecting lines are drawn by hand. Two methods are used to estimate the T2 value from each force transient: the "p1" (Fig. 2A) and the "tangent" (Fig. 2B) method. In the tangent method, T2 is obtained as the intercept of the force axis at t = 0 and the straight line extending from the linear part of the transient force curve in phase 3. This method is similar to that described by Huxley and Simmons (6) and Ford et al. (7) . In the p, method (see ref. 10), the T2 value is the force generated at the time when the probability of state 1 reaches its minimum value during the isometric transient. Fig. 2 shows that the T2 values from the two methods differ markedly, but the shapes of the corresponding T2(y) curves are rather similar.
RESULTS
The stiffness of a muscle fiber is equal to P1 + P2 in our model. In agreement with the experimental findings of Lombardi et al. (11) , the stiffness in this model also does not change much during the 15 ms after a length change. For example, the stiffness at 2 and 15 ms after a 4-nm release was found to be 90o and 87% of the isometric value, respectively (compared with the 90% and 85% of Lombardi et al.) .
In Fig. 3 , the intercepts on the horizontal axis of the T2 curves obtained from Fig. 2 A Fig. 3 . (i) The curve that fits T2 levels up to 15 ms of waiting time (td) has a time constant of =10 ms for both cases; whether T2 is -10 -8 -6 -4 -2 -12 -10 -8 -6 -4 -2
Step amplitude per half-sarcomere, y (nm) Fig. 2A and B. The continuous line is fitted to the data according to equation z = a -(a -b)-exp(-td/T), where T is 10 ms and the values of a and b are 7.7 and 3.7 nm for case A and 10.2 and 6.2 nm for case B, respectively. estimated using the tangent or the P1 method seems to have very little effect on the evaluation of the rate constant of recovery of the T2(y) curve. (ii) The rate of regeneration of the T2(y) curve is also fast and comparable to that obtained experimentally by Lombardi et al. (10 ms vs. 7 ms) . However, in contrast to Lombardi et al., the regeneration rate of T2(y) increased when the amplitude of the first conditioning release decreased. For example, the regeneration time constant (not rate) is reduced from 10 ms to 8 ms when the conditioning release is reduced from 4 nm to 3 nm (data not shown). tension response curve) for all releases in the stair-case experiment. However, the T2 of the fourth or fifth release (after steady state is reached) is much smaller than the first release. This occurs because the number of force-generating cross-bridges is smaller in the stair-case steady state than in the isometric state (see P1 and P2 curves in Fig. 4) . The fact that the same tension-recovery curve is obtained every 8 ms at steady state means that the capacity for quick tension recovery of muscle is completely regenerated in 8 ms at steady state in a stair-case experiment. Fig. 5 shows that the four transition fluxes averaged over the duration of the step become identical at steady state and are equal to the cycle flux or ATPase turnover rate of the model. Note that the shapes of the four transition fluxes have quite different time profiles (see Fig. 4 ), even at the steady state where their time-averaged values are identical. The calculated ATPase rate of 5.8 per s in this stair-case release is very close to the isotonic value of the model (5.2 per s) at a corresponding velocity of 5 A/ms (average shortening velocity of the stair-case release) and is very slow compared with the regeneration rate of the quick tension recovery (1 regeneration per 8 ms).
DISCUSSION
As shown in the previous section, the main transient and steady-state properties of muscle in the double-release and the multiple-release (stair-case type) experiments of Lombardi et al. (11) can be accounted for by a previously proposed four-state cross-bridge model (10). This model is considered as conventional in that a cross-bridge after completion of one work-producing power stroke is regenerated with the hydrolysis of one ATP molecule. Our results contradict the conclusion of Lombardi et al. (11) that the observed fast regeneration of quick tension recovery could not be accounted for by conventional models and that, instead, their observation indicates that a cross-bridge can be repetitively reprimed to execute additional power strokes without additional ATP hydrolysis. It is important to emphasize that cross-bridges in muscle may well be able to execute multiple power strokes in one ATP cycle; but the fact that the rate of regeneration of the quick tension recovery is much faster than the ATP turnover rate (as observed by Lombardi et al.) cannot be used as evidence that cross-bridges could execute more than one power stroke while only one ATP molecule is hydrolyzed.
The results of this simulation show that even in a conventional model the regeneration of quick tension recovery of a muscle fiber is much faster than the regeneration ofthe power stroke or the ATP turnover (milliseconds vs. seconds in time constants). The reason for this is that the fast regeneration of quick tension recovery of a fiber does not require fast completion of the cross-bridge cycle (which regenerates the power stroke) but only requires fast redistribution of crossbridges among the four cross-bridge states in the cycle. This situation can be explained qualitatively by using Fig. 1 . We first consider the double-release case and then extend the argument to the stair-case experiment.
As shown schematically in Fig. 1A , the distribution of cross-bridges among the four cross-bridge states is not uni- form along the x axis at the isometric state because the rate constants of the three force-generating transitions are x dependent. This nonuniform distribution of states provides the isometric force and the capacity for quick tension recovery after a length release. After a first release, the muscle must regain or restore the original isometric-state distribution of its cross-bridges to be able to execute another quick tension recovery when a second release is applied. A length release corresponds to a decrease ofx of the same amount for each cross-bridge in the ensemble or a shift of the entire state distribution to the left, as indicated by the horizontal arrow in Fig. 1A . Thus, the original isometric state distribution is altered by the length release, and this altered distribution will induce an increase of rates of transitions between states at regions indicated by the vertical arrows in Fig. 1B . These transitions are responsible for the restoration of the original state distribution in Fig. 1A and, therefore, the capacity for another quick tension recovery. That is, the regeneration of quick tension recovery in muscle involves only state transitions, not cycle completions. Fig. 1B clearly shows that the most important transitions responsible for the restoration of the capacity for another quick tension recovery are the three tension-generating ones indicated by solid arrows. As can be seen from Fig. 4 , these transitions are very fast because their rate constants are very large in these regions; this is why regeneration of the capacity of a muscle fiber for quick tension recovery (after a length release) is a fast process in this model. In other words, the regeneration of quick tension recovery in muscle is fast because the process underlying the regeneration does not require completion of a cross-bridge cycle but involves only fast transition reactions between cycle states. This situation is analogous to the transport of electrons in a circuit, where the speed of electricity is determined by a simultaneous movement of all electrons in the circuit and is, therefore, much faster than the rate of cycle completion around the circuit by a particular electron.
The state distribution of cross-bridges at the end of a step in a stair-case multiple-release experiment at steady state is not the same as the isometric distribution, simply because the muscle does not have enough time to return to the isometric state. However, the ranges of x in which cross-bridges in states 1 and 2 are populated are not too different for the two cases (data not shown). Thus, although the density (or number of attached cross-bridges) is very different, the distribution of states as a function of x in the stair-case experiment at steady state is qualitatively similar to that shown in Fig. 1 . As a result, the same argument described above for the regeneration of quick tension recovery in a double-release experiment can be applied to this case as well. Therefore, it is thefast transition between states in the cycle, not the completion of cycles, that is responsible for the fast regeneration of the quick tension recovery of a muscle in a stair-case multiple-release experiment.
As already mentioned, with the original parameters our model cannot account for the increase in the regeneration rate of quick tension recovery with the amplitude of the conditioning step. We did not attempt to refine any of the parameters (rate functions) for this observation because we considered it already quite striking that the original model without any refinement can account for all other experimental observations. We have little doubt that with some adjustments of the rate functions the model will account for this last observation as well.
In the original version of the Eisenberg et al. model (10) , the spacing between cross-bridge-binding sites on actin is assumed to be 385 A. However, the effective range of interaction between a cross-bridge and its nearest binding site on actin is -160 A; this is why the fraction of attached cross-bridges (Pi + P2) is small (-25%, see Fig. 4 (e.g., 55 A) will further increase the fraction of attached cross bridges § but will also cause some overlap between the effective ranges of interaction. However, we expect the conclusion from this paper to apply to this case or other more refined models, such as those with more than two forcegenerating states in the cycle or with equilibrium type crossbridge dissociation and reassociation reactions from and to actin (17-19). As long as the model can rapidly regenerate a near-isometric steady-state distribution of the cross-bridges, it will produce a fast regeneration of quick tension recovery in double-or multiple-release experiments.
In summary, we have shown that essentially all the findings of Lombardi et al. (11) in double-or multiple-release experiments can be accounted for by one of the simplest conventional models developed to account for the experimental force-velocity relation and tension transients in response to single-step release and stretch experiments. Thus, in contrast to the conclusion of Lombardi et al., the fact that the regeneration rate ofthe quick tension recovery is much faster than the ATP-turnover rate cannot be used as conclusive evidence for the ability of a cross-bridge to repetitively execute the work-producing power stroke within a single ATPase cycle, although in reality cross-bridges might be able to do so. We have demonstrated that regeneration of quick tension recovery is the result of redistribution of crossbridges in the entire muscle among different states with fast transition reactions and is, therefore, much faster than the rate of cycle completion or ATP hydrolysis, even in conventional models. §In the theoretical treatment of Lombardi et al. (14, 15) , the separation between two actin sites is assumed to be zero (the continuous model). This is the reason that their calculated fraction of attached cross-bridges is high (-98%). On the basis of the structure of the actin filament, this continuous model seems rather unrealistic.
